The contributions of homogeneous and evanescent waves to two-dimensional near-field diffraction patterns of scalar optical fields are examined in detail. The total plane-integrated intensities of the two contributions are introduced as convenient measures of their relative importance. As an example, the diffraction of a plane wave by a slit is considered.
Introduction
Important recent developments in near-field microscopy, near-field spectroscopy, and high-density optical data storage have prompted considerable interest in near-field optics, [1] [2] [3] [4] in which both the spatial features of the objects and the propagation distances can be much smaller than a wavelength. Unlike conventional optical systems, whose resolution is fundamentally limited by the wavelength, near-field systems can achieve subwavelength resolution by interaction with the evanescent near field, which carries information about spatial periods in the structure of an object that are smaller than a wavelength 1see Fig. 12 .
In this paper we elucidate the effects of diffraction in the near field by examining the separate contributions of homogeneous and evanescent 1inhomoge-neous2 waves to two-dimensional 12-D2 near-field diffraction patterns of scalar fields. Some discussion of near-field diffraction based on such a decomposition can also be found in papers by Harvey 5 and by Massey. 6 The consequences of neglecting evanescent waves in certain near-field distributions have been discussed by Carter. 7, 8 For the sake of mathematical simplicity, and also because in the 2-D case the exact electromagnetic diffraction problem can be described by a scalar theory, 9 we restrict our analysis to 2-D diffraction.
First, in Section 2 some basic relations for calculating the homogeneous and the evanescent contributions to an arbitrary field are discussed. Then in Section 3 the concepts of total homogeneous intensity and total evanescent intensity are introduced. Finally, in Section 4 the behavior of the two contributions is illustrated for the case when a plane wave is diffracted by a slit in an opaque screen.
Homogeneous and Evanescent Contributions
Let us consider a 2-D monochromatic scalar optical field V1x, z, t2 5 U1x, z2exp12ivt2 1v being the temporal frequency2. U1x, z2 obeys the 2-D Helmholtz equation,
where = 2 ; ≠ 2 @≠x 2 1 ≠ 2 @≠z 2 , k 5 v@c 5 2p@l is the free-space wave number, c is the speed of light in vacuum, and l is the wavelength. We are interested in free-space propagation of the field U1x, z2 from the plane z 5 0 into the half-space z . 0. We shall assume that all sources, scatterers, diffracting apertures, etc., are located in the halfspace z , 0. Using the angular spectrum representation, [10] [11] [12] [13] [14] [15] we can write the field U1x, z2 for z $ 0 as the sum of a homogeneous contribution U h 1x, z2 and an evanescent 1inhomogeneous2 contribution U i 1x, z2, U1x, z2 5 U h 1x, z2 1 U i 1x, z2.
12.22
U h 1x, z2 is a superposition of homogeneous plane waves that propagate into the half-space z . 0,
12.3a2
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whereas U i 1x, z2 is a superposition of evanescent 1inho-mogeneous2 plane waves that decay exponentially along the positive z direction,
12.3b2
It should be noted that the homogeneous and the evanescent contributions each separately satisfy the Helmholtz equation. The spectral amplitude function a1u x 2 appearing in Eqs. 12.32 is the spatial Fourier transform of the field distribution U1x, 02 in the plane z 5 0: 
12.6b2
It can readily be shown that
where H 1 112 is a Hankel function of the first kind and first order. Expression 12.72 is the usual 2-D freespace wave propagator. 17 If we let z 5 0 in Eqs. 12.62, the integrations with respect to u x can be performed at once, yielding
12.8a2
* i 1x, 02 5 d1x2 2 1 p sin1kx2 x ,
12.8b2
where d1x2 is the Dirac delta function. After substituting these relations into Eqs. 12.52, we find that 
12.9b2
Because the location of the plane z 5 0 is essentially arbitrary, analogous expressions must also apply to any plane z 5 const. $ 0:
U1x8, z2dx8, 12.10a2
U1x8, z2dx8.
12.10b2
We see from the preceding discussion that there are three alternative pairs of expressions that can be used to determine the homogeneous and the evanescent contributions to the field in any plane z 5 const. $ 0: Eqs. 12.32, Eqs. 12.52, and Eqs. 12.102. The first pair, Eqs. 12.32, expresses U h 1x, z2 and U i 1x, z2 in terms of the spectral amplitude function, a1u x 2, which itself can be computed by taking a Fourier transform of the field distribution U1x, 02 in the plane z 5 0 3see Eq. 12.424. In the near field these equations are well suited for numerical implementation because all the integrations can be performed with fast Fourier transforms.
The second pair of equations, Eqs. 12.52, determines U h 1x, z2 and U i 1x, z2 directly from the field distribution U1x, 02 in the plane z 5 0. However, for arbitrary z the kernels * h 1x, z2 and * i 1x, z2, given by Eqs. 12.62, cannot readily be expressed in closed form.
Last, Eqs. 12.102 can be used to obtain U h 1x, z2 and U i 1x, z2 in any plane z 5 const. $ 0 from knowledge of the field distribution U1x, z2 in that plane. If U1x, z2 is not known, but either U h 1x, z2 or U i 1x, z2 is known, Eqs. 12.10a2 and 12.10b2 are of the form of Fredholm integral equations of the first and the second kind, respectively, for the unknown U1x, z2. The integral operator that appears in Eq. 12.10a2 has been studied extensively and occurs in a variety of contexts. [18] [19] [20] [21] 
Total Intensities
We shall now introduce the concepts of total 1plane-integrated2 homogeneous intensity and total 1plane-integrated2 evanescent intensity as rough convenient measures of the relative importance of the contributions U h 1x, z2 and U i 1x, z2 to the field distribution U1x, z2.
Using Eq. 12.22, we can write the intensity of the field I1x, z2 ; 0 U1x, z20 2 in the form
13.12
where
13.2a2
I i 1x, z2 ; 0 U i 1x, z20 2 ,
13.2b2
are the intensities of the homogeneous and of the evanescent contributions, respectively, and the term
arises from interference between the homogeneous and the evanescent contributions. We now define the total intensity I tot 1z2, the total homogeneous intensity I tot 1h2 1z2, and the total evanescent 1inhomogeneous2 intensity I tot 1i2 1z2 by the expressions 
13.6b2
There are only two terms in Eq. 13.52 because the integrated interference term can be shown to be identically zero. Furthermore, as is evident from Eq. 13.6a2, the total homogeneous intensity is conserved on propagation in the sense that I tot 1h2 1z2 is independent of z. Hence we may drop the z argument in I tot 1h2 1z2, and we will do so from now on. The conservation of total homogeneous intensity on propagation and related conservation laws is discussed in Refs. 22-25. By substituting the spectral amplitude function from Eq. 12.42 into Eqs. 13.62, we can rewrite the total intensities I tot 1h2 and I tot 1i2 1z2 in terms of the field distribution U1x, 02 in the plane z 5 0 as
3 U*1x8, 02U1x9, 02, 13.7a2
x9 * i 1x8 2 x9, 2z2U*1x8, 02U1x9, 02,
13.7b2
where the kernel * i 1x, z2 is given by Eq. 12.6b2. Alternatively, using the fact that I tot 1h2 is independent of z, we can also express I tot 1h2 and I tot 1i2 1z2 in terms of the field distribution U1x, z2 in an arbitrary plane z 5 const. $ 0, as follows: 
13.8b2
Evidently the total intensities I tot 1z2, I tot 1h2 , and I tot 1i2 1z2 are useful only if they are finite quantities. In this connection it should be pointed out that there are physically realistic field distributions that have infinite total intensity but finite total energy flux. 26 Because the field distribution U1x, 02 that we are considering is square integrable 3see remarks below Eq. 12.424, I tot 102 is finite, and, consequently, so are I tot 1z2, I tot 1h2 , and I tot 1i2 1z2 because, as can easily be shown, I tot 1z2 # I tot 102, I tot 1h2 , I tot 102, I tot 1i2 1z2 , I tot 102.
Instead of using the total intensities I tot 1h2 and I tot 1i2 1z2 as measures of the relative importance of U h 1x, z2 and U i 1x, z2, one might consider using the total energy flux F tot 1h2 and the total reactive energy F tot 1i2 1z2 for this purpose. As discussed in Appendix A, these quantities can be defined by means of the scalar analog of the complex Poynting theorem. In terms of the spectral amplitude function a1u x 2, they may be written as a being a positive constant, as we demonstrate in Appendix A. Equations 13.9a2 and 13.9b2 should be compared with their counterparts for the total intensities, Eqs. 13.6a2 and 13.6b2. As expected, we see that the total energy flux F tot 1h2 depends only upon the homogeneous contribution U h 1x, z2 and is independent of the propagation distance z, whereas the total reactive energy F tot 1i2 1z2 depends only upon the evanescent contribution U i 1x, z2 and decays with z. However, because of the multiplicative factor 1u x 2 2 12 1@2 in Eq. 13.9b2, the total reactive energy can diverge in cases when the total evanescent intensity is finite. In fact, for the example considered in Section 4 one can show that the total reactive energy does indeed diverge in the plane z 5 0. For this reason we choose to use the total intensities I tot 1h2 and I tot 1i2 1z2 rather than F tot 1h2 and F tot 1i2 1z2 in our near-field analysis. 
Diffraction by a Slit
The analysis of diffraction of light by an aperture in an opaque screen can be separated into the treatment of two distinct problems: the boundary-value problem and the propagation problem. The boundaryvalue problem consists of determining the field immediately behind the screen for a given incident field and known material properties of the screen, whereas the propagation problem involves determining the field at some distance from the screen when the field immediately behind the screen is known. Because in most cases it is very difficult to determine the exact boundary value of the field, approximate boundary conditions are often used, such as those given by the Rayleigh-Sommerfeld theories or the Kirchhoff theory. 27, 28 We now consider, as an example, the near-field diffraction of a plane wave normally incident upon a slit of width d in an opaque screen 1see Fig. 22 , using approximate boundary conditions. We assume that directly behind the slit, in the plane z 5 0, the field may be approximated by the Rayleigh-Sommerfeld boundary condition of the first kind 27, 28 :
where U inc 1x, z2 represents the incident field. For the case of a normally incident plane wave, U inc 1x, 02 5 K, where K is a constant. It should be pointed out that, for the small slit widths of interest here, one would expect the actual field distribution in the plane z 5 0, i.e., the solution to the rigorous boundary-value problem, to be rather different from the field distribution given by the above boundary condition. Nevertheless, we can still gain some understanding of propagation in the near field by employing this approximate boundary condition.
Using Eq. 12.42, we find that the spectral amplitude function associated with boundary condition 14.12 is
14.22
Consequently, according to Eqs. 12.32 and 13.62, the homogeneous and the evanescent contributions in any plane z 5 const. $ 0 are
Fig . 6 . Total homogeneous intensity I tot 1h2 1which is independent of z2 and total evanescent intensity I tot 1i2 102 in the plane z 5 0 as functions of the slit width d. These curves were computed from Eqs. 14.52 and 14.82. Fig. 7 . Total intensity I tot 1z2 5 I tot 1h2 1 I tot 1i2 1z2 computed from Eqs. 14.4b2 and 14.52 as a function of the distance z for various slit widths. We can now examine the field U1x, z2, the homogeneous contribution U h 1x, z2, the evanescent contribution U i 1x, z2, the total intensity I tot 1z2, the total homogeneous intensity I tot 1h2 , and the total evanescent intensity I tot 1i2 1z2 in the near field for specific values of the slit width d and of the propagation distance z.
Figures 3-5 depict 0 U1x, z20, 0U h 1x, z20, and U i 1x, z2 for z 5 0, z 5 0.02l, z 5 0.1l, and z 5 0.5l. These figures were computed from Eqs. 14.32 with fast Fourier transforms. Figures 3, 4 , and 5 pertain to slits of width d 5 0.2l, d 5 1l, and d 5 5l, respectively. We see that, for z 9 l, changes in the field U1x, z2 from its initial value U1x, 02 are mostly caused by the decay of the evanescent contribution U i 1x, z2 with only slight modifications in the homogeneous contribution U h 1x, z2. The decay of the evanescent contribution U i 1x, z2 is obviously most important for the case d 5 0.2l, and, consequently, for this slit width there is a substantial broadening and decrease in the amplitude of the field distribution U1x, z2 on propagation from the plane z 5 0 to z 5 0.5l. Figures 6-8 show I tot 1h2 and I tot 1i2 102 as functions of the slit width d and I tot 1z2 and I tot 1i2 1z2 as functions of the propagation distance z. From Fig. 6 we see that, for slit widths smaller than about half a wavelength, the total evanescent intensity I tot 1i2 102 in the plane z 5 0 becomes quite appreciable compared with the total homogeneous intensity I tot 1h2 . However, as is evident from Fig. 8, I tot 1i2 1z2 decreases very rapidly with z in all cases. 29 
Conclusion
We have studied the contributions of homogeneous and evanescent waves to near-field diffraction patterns. It is clear from our general analysis and from the example presented in Section 4 that changes in the field for propagation distances much smaller than a wavelength are dominated by the decay of the evanescent contribution. Although we have considered only two-dimensional scalar fields, the analysis can be extended to three-dimensional scalar fields and to vector fields in a straightforward manner.
In the future we plan to examine the exact boundary-value problem and approximate boundary conditions that can be used to model the near field more accurately than the Rayleigh-Sommerfeld or Kirchhoff boundary conditions. where n is the outward unit normal to the volume 9 and dS is an element of surface area. Alternatively, by taking the real 1Re2 and the imaginary 1Im2 parts of Eq. 1A.42, we have .52 shows that there is no net energy flux through the closed volume, and Eq. 1A.62 gives the energy balance for the reactive energy stored in the volume.
From the above considerations we see that the total energy flux and the total reactive energy across any plane z 5 const. may be defined by the formulas 33 which are Eqs. 13.9a2 and 13.9b2 of the text. We used the superscripts 1h2 and 1i2 here because, from the limits of integration in Eqs. 1A.82, we see that the total energy flux F tot 1h2 depends only upon the homogeneous contribution, and the total reactive energy F tot 1i2 1z2 depends only upon the evanescent contribution. We also omitted the z argument in F tot 1h2 because the total energy flux is independent of z.
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